Remote sensing of penguins gives a unique opportunity to observe ecosystem changes in the Antarctic and the Southern Ocean at a continent-wide scale. The extent of guano is the best proxy to the size of penguin populations but frequent cloud cover limits the number of available images. This study focuses on the correlation between guano coverage visible in aerial and satellite images and breeding pair numbers in the course of the breeding seasons 2016/17 and 2017/18 in a colony of Pygocelid penguins on Ardley Island (South Shetland Islands, Antarctica). Multitemporal UAV (Unmanned Aerial Vehicle) orthomosaics and high-resolution satellite images were collected of Ardley Island as well as data on breeding phenology, weather conditions and snow coverage. "Fresh" guano stains were classified using different methods of Geographical Object-based Image Analysis (GEOBIA) and differentiated from weathered guano stains. Analysis of this data shows that guano stains in an Antarctic Pygoscelid penguin colony undergo significant intraseasonal changes in extent, texture and spectral signature. Hence, the timing of image acquisition and the advance of snow melt during Antarctic spring matter when determining penguin populations and should be considered during the analysis. Our results show changes of up to 25 % of the total guano covered surface due to individual weather events and changes up to 80 % in the time between the peak of egg laying and the occurrence of the first crèche.
INTRODUCTION
In the last decade, remote sensing data from the Antarctic has been used to detect and quantify penguin colonies, as traditional field methods are too expensive to produce a comprehensive picture. Studies on Emperor penguins (Aptenodytes forsteri) and Adélie penguins (Pygoscelis adeliae) proved remote sensing data can be used for continent-scale penguin populations (Fretwell et al., 2012; Lynch & LaRue, 2014) . While both studies showed that remote sensing data provided a useful tool for penguin population surveys, challenges were also noted. The challenges identified by Lynch et al. (2012) include timing relative to the phenology, topography, nest density and interpreter experience. These are all critical factors for detecting the extent of the guano stains. Mustafa et al. (2017a) found, that the extent of the guano cover in the Maritime Antarctic strongly depends on the advance of the breeding season.
The Goal of this study is to achieve reliability and comparability of results when detecting the extent of guano covered areas using UAV and satellite images acquired at different dates. Therefore, it is necessary to understand the processes that dominate the fluctuations in the extent of guano covered areas during the breeding season. During the breeding seasons 2016/17 and 2017/18, the extent of guano covered areas caused by the penguin colony on Ardley Island was analysed using a multitude of high-resolution satellite and UAV images. The results were set in relation with breeding phenology, in situ breeding pair counts and local meteorological data.should be single-spaced, unless otherwise stated. Left and right justified typing is preferred. Figure 1 . Position of the study area. © Earthstar Geographics 2018, NASA, USGS.
METHODS AND STUDY AREA
Ardley Island is a 1.2 km² large tidal island in the South Shetland Islands, which are part of the maritime Antarctic ( Figure 1 ). The study area covers roughly 600 ha, located on the northeastern part of Ardley Island and includes the entire penguin colony of the island. In the 2016/17 season, 7,227 breeding pairs (BP) of gentoo penguins (Pygoscelis papua) and 448 BP of Adélie penguins populated Ardley Island, while in the season 2017/18, only 6,242 BP of gentoo and 305 BP of Adélie were breeding on the island (Senf, 2018 ).
It is not yet possible to distinguish these penguin species reliably in satellite images. However, since this colony is strongly dominated by Gentoo penguins, the data (e.g. breeding phenology) and statements of this study refer to this species.
Guano in penguin colonies does not have a uniform appearance because the spectral properties of the guano depend on: 1. the food the penguins consume krill causes pinkish guano, algae greenish, fish white and vomit and bile can cause greenishyellow guano (Rees et al., 2017) , and 2. the moisture of the guano which predominantly changes the brightness (Rees et al. 2017) . In addition, the appearance of the guano changes when it gets decomposed weathered or mixed with soil (Mustafa et al., 2017b) . The classification approaches in this study were applied only to fresh guano, which appears reddish and relatively bright, in contrast to the darker, older guano. To identify the spectral differences between light-coloured, dark-coloured and weathered guano, 50 pixels of each, as well as 50 pixels of soil, were randomly analysed. Breeding phenology was determined in accordance with CCAMLR (2014), as described in detail by Senf (2018) . UAV systems and cameras changed throughout the two seasons (see Table 1 ). Meteorological data used in this study was recorded at Bellingshausen Station (rp5.ru, 2018) , which is located 3 km northwest of the study area. Pre-processing of the satellite images included: pan-sharpening, orthorectification and conversion in reflectance values (top of the atmosphere) using the software ArcGIS version 10.5. UAV orthomosaics were created using Agisoft PhotoScan Pro and the geolocation was corrected using data often ground control points. All UAV orthomosaics were sampled to a spatial resolution of 0.2 m. RMS values were <1.5 m and the overlap in trajectory was 70 %. In the season 2016/17, UAV orthomosaics and satellite images were analysed using two independent rulesets, while in season 2017/18 the satellite image from December 27 was processed with the ruleset of the UAV orthomosaics of this season. In order to verify how well various classification approaches distinguish between different guano, we compared two object based classification results. For validation, all guano covered areas were manually delineated using expert-and on-site knowledge. These apply a GEOBIA object oriented approach (Arvor et al., 2013) . The selective classification interprets each image separately with its own variables for the segmentation and its own features for the classification. The ruleset classification, uses one fixed set of segmentation variables and classification features for the entire season. In the object-based image analysis software eCognition, a ruleset is a list of algorithms that are applied to a given image. Figure 2 shows only fresh and nonrinsed out guano is examined. This decision was made because, on Ardley Island, weather events which rinse out guano occurred in both seasons. However, the goal is to examine the intraseasonal change in guano extent without interference by meteorological effects to get a generalised picture of a season.
To segment the images, a multi-resolution segmentation (MRS) was used. This is the most commonly used method in image segmentation (Baatz & Schärpe, 2000) . The image segmentation was based on spectral differences. Each band can be used with different weighting. The difference between ruleset and selective classification is the used feature and the trained feature space. For the selective classification, each image is evaluated separately. This means own variables for segmentation and the most suitable features. For each, a distinct variable set for segmentation and own features set for classification is chosen. The ruleset was created employing the most common segmentation variables and classification features used in the selective approach. In season 2016/17, different rulesets for satellite and UAV images were used because of differences in spatial resolution and spectral resolution of the available datasets. The classification was performed in five different areas, located strategically in each part of the study region. In both methods, the supervised nearest neighbour classification concept was used. Using only membership functions proved insufficient. Classification results were validated using manually delineated test areas, and compared to temperature, precipitation, snow cover, and breeding phenology. To validate the results the criteria Completeness, Correctness and Quality were used (Cai et al., 2018) :
Where: TP = true positive pixels FP = false positive pixels FN = false negative pixels
RESULTS
Differences between light-coloured and dark guano are mostly due to varying moisture levels. The different spectral properties are expressed in Figure 4 and visualise the challenge of differentiating guano and soil. Using the Red-Band, the weathered and dark guano cannot be distinguished from the different soils on Ardley. Only the light-coloured guano can clearly be distinguished from soil using Red-and IR-Band. In season 2016/17, the peak of egg laying occurred ten days after the start of the season. When compared with the classified guano extent ( Figure 5 ) the area reaches its maximum expansion 26 days after the season starts. Using selective classification, the classified area in September is only 10 % larger in comparison to the manual classification, in October 40 % and in November 50 %. In comparison, Figure 6 shows a much greater change in the ruleset classification with underclassification on day -24 and 13 and over-classification on day 26. On day 28, the ruleset classification using a UAV image fits much better with only a slight over-classification in comparison to manual classification. The area classified by all three methods is losing size until day 55. A lack of images in this period makes it a challenge to tell when and how fast the area is diminishing. Figure 9 shows a strong precipitation period at the end of November, which probably strongly influenced the guano extent. Figure 8 shows the guano extent's local minimum is strongly influenced by precipitation especially snow. From day 52 to 55, the snow cover rises from 32 to 48 %, only to decrease from 48 to 30 % in a single day. Around day 55, the results of all classifications are similar to nearly the same expansion. Again, the ruleset classification shows much higher variation. Guano extent increases in size and reaches a second maximum value between day 78 and 83. At this point, the area decreases fast compared to the abandoning of nests by the penguins (Figure 7 ). After day 100 (early February) nearly no fresh guano can be classified and it must be noted that new guano stains in beach proximity are found. These originate from the crèches -groups of penguin chicks waiting for their parents to return from the sea with food. Differences between selective, ruleset and manual classification show a large margin in absolute values, but all differences show similarities in their trends. Selective and ruleset classification nearly always over-classify with 50 -100 %, this is plausible given the imaging challenges. Using available data, it is challenging to explain the differences between selective and ruleset classification around day 28. Differences around day 55 are easier to explain. The satellite image was taken 13:48 GMT while the UAV images were taken 17:51 GMT. During this time, the additional snow cover had already thawed. The guano extent reaches its final maximum for both classifications on day 78 (satellite image) and 83 (UAV image) before decreasing to zero, shortly after nest abandoning and forming of the first crèche on day 73. The largest impact on guano extent in season 2016/17 is contributed to: 1. Breeding phenology, which dictates the time frame and principle course. 2. Snow cover, which seems to have a great influence on guano extent, with strong influence at the beginning and decreasing influence as the season proceeds. 3. Other influences for example through temperature and moisture. Validation results in Table 2 , show limited quality of nearly all classifications. Only four out of ten classifications show a quality between 40 and 60 %. This is not ideal but explainable by the complex structure of the Ardley Island colony. Nest group sizes vary from one to almost 1,000 nests, the ground is covered by either sand, rock, clay or old decomposed guano, weather effects, different guano colours and different moisture levels caused by precipitation and snow melting. Nevertheless, the overall quality is similar to studies under comparable conditions, e.g. Witharana and Lynch (2016) on Aitcho Island.
In season 2017/18, the peak of egg laying occurred at day 10 ( Figure 11 ). The beginning of the season, in Figure 10 , is marked with a small local minimum at day -1 in the by-hand classification and on day 4 when using the other two methods. These differences were caused by precipitation, particularly snow events. On day -1, the average daily temperature dropped to -5.7 °C, on the same day 4 mm precipitation in form of snow occurred ( Figure 13 ). From this point, the area shows a steady rise until the abandoning of the first nests and occurrence of crèches. In each case, the selective and ruleset method scored a comparable result with 60 -100 % (decreasing over time) overclassification. On day 55, the results of both classifications are nearly identical. While the manual classification shows expected results, the two automatic classification results show a strong decrease in area. Reasons for this are not completely understood, but it is possible that rainfall directly before the images were taken had decreased the spectral signature of guano and made it harder for the machine algorithmic to classify guano. Another explanation could be the temperature on day 54. It was an especially warm day, which could have increased snow thawing, which in turn decreased the spectral signature of guano. On day 60, the results again show more expected values and reach the absolute maximum of this season, comparable to the high points of season 2016/17. While the ruleset classification shows a strong over-classification, the selective result now decreases and is more in line with the manual classification, with only 10 % over-classification. On day 64, the guano extent starts to dramatically decrease even when nest abandoning did not completely start until day 72. It is likely the meteorological event on day 62 with 6 mm precipitation produced this effect. Snow cover has a strong correlation with the guano size and even mirrors it except at the end of the season (Figure 12 ). At the start of the season, a rise in snow cover takes place simultaneous with a decrease in classified guano extent. A steady decrease of snow cover and a steady increase of guano extent are seen until the decrease with abandoning of the nests. In comparison, both seasons showed similar maximum area values at the end of the season but slightly different densities with 10,385 m² and 7,675 breeding pairs at day 63 with a density of 0.74 breeding pairs per m² (season 2016/17) in comparison with 11,040 m² and 6,547 breeding pairs with a density of 0.59 m² on December 27 (season 2017/18). Same as in season 2016/17, the quality of the classification is poor. In this season, only one in eleven images shows a quality of over 40 %. Why this season shows even poorer results is difficult to tell. The highly irregular nature of guano could be at fault, which increases the chance of incorrect classifications. 
DISCUSSION
It should be noted that it is difficult to create expert knowledgebased reference data for this study. Since classification and validation are based on the same expert knowledge-derived reference data, an intrinsic error might be included. This is mainly because of the complex topography of Ardley Island and the penguin colony there. In short, the impact of user error cannot be estimated and could be significant. The main problems can be summarized as follows: 1. Different ground covers of Ardley Island, some degradation products of guano, mess with the ability to distinct guano from other ground covers. 2. Guano has not one unique spectral signature, which increases difficulties to accurately classify it 3. Sizes of nest groups are difficult to determine. While some groups include 100 -1,000 nests there are also nest groups with only 1 -10 nests. Detecting both sizes equally well is a challenge. 4. Though meteorological data from Bellingshausen station is available and the station is located only 3 km away from the site, the acquired data does not necessarily reflect the factual reality on Ardley. For example, the snow event in season 2016/17 on December 7 is not reflected by the data. 5. Only data of two seasons was available and these seasons show significant differences in some aspects. Nevertheless, the focus of this work is not the absolute guano state throughout the season, but the relative change of it.
From our results, it is evident that both seasons show similar characteristics. For example, date of beginning and end of season determine the date when guano extent increases and decreases. Differences of both seasons were at peak of egg laying + 10 were in season 2016/17 a local maximum of area extent was reached while in season 2017/18 only a slow increase occurred. Afterwards, the data differs as in season 2016/17, a local minimum area was reached while in season 2017/18, the area steadily increased in size. Both seasons show similarities at the first crèche with similar area size, after which both steadily decline until they reach nearly zero guano extent in three to four weeks. Snow cover in both cases had a great effect on the classified area, with more importance early on in the season. Figure 16 shows a first attempt to set up a generalised representation of the intraseasonal change from the available data. Looking at meteorological data from the last decade, it becomes clear that season 2016/17 was unique, as thaw had already begun in September and October. It could be theorized that because of this, season 2016/17 had a lesser snow cover and was only moderately influenced by snow cover especially at the beginning of the season. In this season, the only considerably large influence was at the local minimum in December, but beginning and end should represent the absolute state. In season 2017/18, steady increase of guano size could potentially be directly connected to thawing. At peak of egg laying, a sizeable amount of guano was covered by snow or directly bordered on snow. When the snow melts, water washes guano out. At the end of the season, guano extent decreases even before the abandoning in connection to an intense rain event. Therefore, it could be argued guano can easily be washed out. So the steady increase in season 2017/18 likely means that the guano extent already reached its absolute maximum but the snow cover in connection with meltwater only allowed for a slow and steady increase.
A small increase after the peak of hatching is speculation using available data. Looking at data from season 2016/17, it appears there is a small increase of guano extent between peak hatching and the first crèche. It is possible that the gunao layer increases in thickness over time which increases the ability to classify it. Secondly, after peak of hatching, there are more penguins in the area, producing more guano. Thirdly, penguins begin to move around more, with chicks taking their first steps and adults not being bound to the egg.
Meteorological conditions always pose a strong influence on guano extent, which can create great differences between peak of egg laying + 10 and first crèche, appearing even when the theoretical area should be relatively constant.
CONCLUSIONS
In this study, the detectability of intraseasonal changes in the extent of penguin guano was investigated. For this purpose, the two seasons' satellite and UAV data was classified and compared with breeding phenology, temperature, precipitation and snow cover.
The main outcomes of this study are: 1. Breeding phenology gives the basic framework for the variability of penguin guano. With the beginning of the nest building, the guano covered area increases. 10 -12 days after the peak of egg laying, it reaches a first maximum. After hatching of the first chicks, guano extent increases slightly and, as soon as the first penguins leave the nests, visible guano extent decreases until a few weeks later the guano has disappeared.
Towards the end of both seasons, guano extent reaches the same absolute maximum around the same date. Because the number of breeding pairs are in a similar magnitude in both seasons, the end of December (before the formation of créches) appears to be the ideal period to detect guano extent. It seems to be uninfluenced by the remaining snow cover and shows the same derived nest density even despite different courses during the seasons. After reaching the maximum area coverage, both show a similar trend decreasing the area in three to four weeks to nearly zero.
2. Precipitation and particularly snow cover induce by far the largest modifications of the general intraseasonal guano extent change (compare Figure 16 with Figure 6 and 12). Particularly at the beginning of the seasons, heavy snow cover may considerably reduce the classifiability of guano. The covering influence of snow decreases during the season while the rinsing influence of melt water increases.
Classification of penguins using UAV images is theoretically possible, but not feasible for large areas. Guano extent is much more feasible. Both used classifications show similar but not identical results. The selective classification creates better results while requiring more work to create. The classification Method should be chosen based on available data.
3. Quantifying penguin colonies from guano extent classified in remote sensing data requires more than the application of an average nest density value. To derive comparable datasets for different seasons and different colonies, a deeper understanding of the relation between image acquisition and the course of the breeding season regarding breeding phenology and meteorology is needed.
4. It turned out, that it is possible to record the same trend of guano coverage development in high resolution imagery with the two GEOBIA classifications as with the manual validation. This makes that object-based approach promising for remote sensing of large penguin colonies were a manual classification reaches its limits. The relatively low validation results (Table 1 and 2) may result from the complex structure of this colony. High scattering of very small nest groups hinders classification efforts. But potential fine tuning of the classification algorithm could increase quality.
For the improvement of the methods to quantify penguin guano we identified the following challenges: 1. Overlapping signatures (compare with Figure 2 and 4), 2. High variability in the meteorological conditions with precipitation events, 3. Mixed spectral signatures of guano covered rock (soil) surfaces types (2.), 3. low data availability about the local breeding phenology for the corresponding seasons.
Spectral and spatial resolution of satellite remote sensing data is sufficient to classify guano extent but mostly due to cloud cover the overall data acquisition frequency is not high enough. In Season 2016/17 the study area was often cloud free and satellite data acquisition frequency was higher than under normal circumstances. In the future more satellite systems for better coverage are needed, for example Planet, while UAV systems should be used to cover missing satellite data. For data about breeding phenology in this latitudes will be likely heavily reliant on local stationary systems, while it possible could also be used for snow cover or precipitation events.
